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Abstract 


The increase of the wind power penetration in the electrical grids of Denmark, Germany, Spain 
and other countries and regions is challenging the stability of the system. The subject of this paper is 
to review the main problems of the connection of wind farms to the grid and how the grid codes must 
be adapted in order to integrate wind power generation capacity without affecting the quality and 
stability of the grid. This paper also summarizes the grid codes that have already been modified to 
incorporate high levels of wind power. 
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1. Introduction 


Wind turbines have been treated as embedded generators, and they were not expected to 
contribute to the control of power system voltage or frequency. In addition, wind farms 
were required to disconnect from the grid under abnormal operating conditions. Until 
recently, wind farms connected to the grid were small-sized installations, connected at 
distribution voltage levels and the total amount of wind power generation capacity 
installed was (and still is in most countries) small in proportion to the total amount of 
installed generation capacity. As a result, there was previously little need for such 
installations to meet a defined set of grid connection technical performance requirements. 

As the amount of wind power connected to the grid increases, this situation has started 
to change in countries such as Denmark, Germany, Spain and other regions in the world. 
The number of medium and large wind farms (greater than 50 MW) connected to the high 
voltage transmission system is likely to increase dramatically, specially with offshore wind 
farms. Wind power is expected to be an important contributor to power generation. 
Denmark has a 20% of the generation capacity supplied by wind power and expects to 
reach a level of 50% penetration thanks to strong grid connections with Norway, Germany 
and Sweden [1]. Other countries and regions (Schlesswig-Holstein in Germany, Navarra 
and Galicia in Spain, etc.) present similar situations. 

The growth in medium and large size wind farms has reached the point in Denmark (and 
will reach it soon in other countries) where they have a major impact on the characteristics 
of the transmission system [2—4] and under low load and high wind conditions 100% of the 
power may be generated by wind power [5]. Denmark has been a pioneer in the connection 
of wind farms to the grid and is a good example of what may happen in the near future to 
other countries. Many of the wind farms installed in Denmark use old squirrel cage 
induction generator technology which has limited ability to provide voltage and frequency 
control. The key operational issues that have arisen in Western Denmark are described in 
[1]. Western Denmark has more or less reached saturation and turbines have to be 
temporarily shut down under certain network conditions. 

Another example of a country that must already cope with these problems is India. The 
case of India is a good example of the problems associated with weak power grids. The 
penetration of wind power has reached levels high enough to affect the quality and stability 
of the grid [6]. Islands with high wind resources also present power quality problems. New 
Zealand expects a 30% share of wind power in the grid in the next 10 years [7]. Canary 
Islands and New Caledonia present similar situations. 

Conventional power plants employ synchronous machines, which are well understood 
by Network Operators and Generators. Synchronous machines will assist in maintaining 
transient stability, good voltage control, reactive power support, frequency control and 
fault ride-through capabilities, thus being able to meet the connection requirements defined 
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by the system operators. The counterpart to synchronous machines in wind farms are 
mainly fixed speed asynchronous generators, doubly fed induction generators and 
synchronous generators with back to back converters. Their technical characteristics are 
very different to those of synchronous machines. The growth in wind power penetration 
will have a large impact on the technical and operational characteristics of the 
Transmission System. 

The technical and operational characteristics of the power system are determined by the 
network, by the technical characteristics of the generation, and to a lesser extent, by the 
loads connected to it. Wind farm developers and network operators must work together to 
define a set of minimum technical performance requirements in order to accommodate 
significantly greater volumes of wind generation without destabilization of the grid and to 
ensure continuing maintenance of network security and hence security of supply while 
allowing a greater volume of wind farms to be connected to the system [8]. 

In a system with well matched loads, large load following capacity generators, high 
power reserve and strong interconnections with neighbour grids wind penetration can be in 
the range of 30-40%, without compromising the reliability of the power system. In isolated 
systems the percentage may be as low as 10%. 

The next chapters describe the grid codes that have been modified or are in process of 
modification and the main problems to be solved. 


2. Grid codes adapted for wind power integration 


With the objective of enabling wind generation to connect to the transmission system 
without unnecessary restrictions and at the same time ensuring the security of supply, 
different transmission system operators have to adapt their grid codes. This process 
involves the confronted interests of four main interest groups [9]: wind farm developers, 
wind turbine manufactures, existing system users and utilities. On one side wind farm 
developers and manufactures, reluctant to accept new requirements that may increase the 
cost of the wind farms but at the same time interested in a clear set of requirements which 
will allow standardizing production, and on the other side existing system users and 
utilities, concerned on the safety of the system. 

As a logic result of the higher penetration of wind power in both countries, Denmark 
and Germany [10-13] have been the first countries adapting their grid codes for wind 
power integration in high voltage networks. Eltra and Elkraf, the Danish System 
Operators, have developed specific grid codes for voltage networks under 100 kV as well in 
2004 [14]. Though in many papers E.On system operator in Germany appears to be the 
first adapting the grid code for voltage ride through in wind farms, it was actually in 
Denmark where the first specific grid code for wind farms was implemented. 

In the United States a new Standard published in 2004 [15] by the Federal Energy 
Regulatory Commission (FERC) regulates the connection of generators to the grid, but it 
was not specifically adapted to wind farms. The American Wind Energy Association 
(AWEA) filed a petition for modification of the text, in order to integrate great amounts of 
wind power [16]. After the modifications were accepted, requisites for connection to the 
grid of wind farms rated above 20 MW are similar to those in Europe [17]. Different system 
operators in the USA and Canada have also set their own standards based on the Danish 
and German grid codes [18—20]. 
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In Spain a new grid code proposal was made public in March 2005 [21]. Holland, 
Sweden, Ireland and the United Kingdom have updated or are in the process of redefining 
their grid codes [22-31]. 

Other countries still demand wind turbine disconnection after grid faults [32], but most 
system operators are adapting their grid codes based mainly in the German and Danish 
grid codes. References [33,34] show in-depth studies of the differences between the grid 
codes of Denmark, Ireland, Scotland, Germany and Sweden. 


3. Main technical Issues in wind farm connection to the grid 


If the wind farms would be installed solely to maximize energy output they would have 
major limitations in terms of: 


(a) Voltage and reactive power control. 
(b) Frequency control. 
(c) Fault ride-through capabilities. 


These are the three main points that new grid codes must adapt for wind farm 
connection. The most worrying problem that wind farms must face is a voltage dip in the 
grid. The effects of transient faults may propagate over very large geographical areas and 
the disconnection of wind farms under fault conditions could pose a serious threat to 
network security and security of supply because a great amount of wind power could be 
disconnected simultaneously. 


3.1. Voltage and reactive power control 


In order to understand voltage control it is useful to describe a simple model of a power 
system. This simplified power system model has a generator at the sending end, a power 
line and a load at the receiving end (Fig. 1). Let E and V be the voltage at the sending and 
receiving end, respectively. The power line has a resistance R and a reactance X. P and Q 
are the transmitted active and reactive power at the receiving end. 

The voltage gradient from sending end to receiving end is 


AV =E- v=z1=R+ (EA) 


RP + X XP-R 
_ Q, ,XP-RO 


z p AV +j AV ~ AV, (1) 


PHQ 


Fig. 1. Single line diagram of a simple radial power system. 
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where 


RP+X 
Av, ="7 4 Ae (2) 


In most networks X > R and hence 
O«AP. (3) 


This means that the magnitude of the voltage is controlled by the reactive power 
exchange, whereas the phase difference between sending and receiving end is dictated by 
the active power. The active and reactive power flow between the generation and the load 
in the power system must be balanced in order to avoid large voltage and frequency 
excursions. 

When a fault occurs, there is a voltage drop along the circuit proportional to current and 
to distance from the substation. Wind farms are often located in remote locations, the 
distance to the substation may be very long and the connection may be radial. In this case 
the impedance is usually high and the voltage drop may be important. The regulator in the 
substation may not be able to rise the voltage at the connection of the wind farm without 
exceeding its voltage limits. Voltage control capability of the wind farm is very useful to 
keep the voltage profile along the system. 

Voltage regulation and reactive power control are fundamentals in the distribution of 
electric energy. As we can see in expression (2), the voltage gradient across a transmission 
line determines the reactive power flow in the line or vice versa. Thus, for a given active 
power output, the conventional generator’s Automatic Voltage Regulator (AVR) is used 
to determine its terminal voltage magnitude in order to supply (or absorb) to the 
transmission system the desired amount of reactive power. A mismatch between the supply 
and demand of reactive power results in a change in the system voltage: if the supply of 
lagging reactive power is less than the demand, a decrease in the system voltage results; 
conversely, if the supply of lagging reactive power exceeds the demand, an increase in 
system voltage results. There are stringent requirements on the extent to which the system 
voltage can be allowed to deviate from its nominal values [35] (10% for low voltage 
networks and +5% for medium or high voltage networks). 

Voltage or reactive power requirements in the grid codes are usually specified with a 
limiting curve such as that shown in Fig. 2. The mean value of the reactive power over 
several seconds should stay within the limits of the curve. When the generating unit is 
providing low active power the power factor may deviate from unity because it can support 
additional leading or lagging currents due to the reactive power demanded by the utility. 
When the generating unit is working under nominal conditions, the power factor must be 
kept close to unity or else there will be excessive currents. 

Another advantage of local reactive power generation is the reduction of losses in the 
system. As the reactive power is locally generated and locally consumed, the current 
through all upstream devices and the power losses in the network are reduced. 

Thus, the wind farm should have the capability to control the voltage and/or the reactive 
power at the connection point. This is essential in order to ensure secure operation of the 
system. The wind farm operator has the opportunity to gain additional payments for 
providing reactive power. 

Several methods for voltage control in wind turbines are presented in [36,37]. 
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Fig. 2. Typical reactive power limiting curve. 


3.2. Frequency control 


The active component of electrical power output at the generator busbar is determined 
by the mechanical input power to the shaft of that generator. The power sources in the grid 
are rotating machines. The operating characteristics of interconnected machines determine 
how the flow of power is controlled in the system. The active power output of the 
generators is determined by the mechanical power input from their prime movers (steam 
turbines, hydro, wind, etc.). 

The consequence of a mismatch between the supply (generation) and demand (load and 
network losses) for active power is a change in the rotational energy stored in the rotating mass 
of the generators, and hence, a drift in the system frequency. A surplus in generation creates a 
frequency increase, and a shortage in generation leads to a decrease in the frequency. The 
stiffness, K, of a system is defined as the ratio of the change of power to change of frequency: 

dP 
df 

Two types of operating reserve are required: spinning reserve and supplementary reserve. 
Spinning reserve is the difference between the total on-line generator capacity and the total 
output of these generators, usually between 1.5% and 3% of peak demand. Supplementary 
reserve is the generation capacity that can be brought into operation in 10min and fully 
available within 30 min. The operating reserve is dimensioned to cover the loss of the largest 


generating unit of the system. Frequency regulation ancillary service is composed by three 
functions: 


= K(MW/Hz). (4) 


(a) Primary frequency control limits the frequency variation caused by a sudden power 
unbalance in the grid, and is performed locally by the speed governor of each 
generating unit, within 15—30s. 


1864 I.M. de Alegria et al. / Renewable and Sustainable Energy Reviews 11 (2007) 1858—1872 


(b) Secondary frequency control or load frequency control allows restoring frequency and 
interchange power to their scheduled values. This is performed using units under 
control of an automatic central regulator within 15 min. 

(c) Tertiary control consists in starting, stopping or varying the output of generating units 
in operation, in order to support the secondary control and to re-establish the power 
reserve consumed by it. This is carried out within 3—4 min (spinning reserve) or 60 min 
(supplementary reserve). 


All the generating equipment in an electric system is designed to operate within very 
strict frequency margins. Grid codes specify that all generating plants should be able to 
operate continuously between a frequency range around the nominal frequency of the grid, 
usually between 49.5 and 50.5 Hz in Europe, and to operate for different periods of time 
when lower/higher frequencies down/up to a minimum/maximum limit, usually 47—47.5 
and 52 Hz [35]. Operation outside these limits would damage the generating plants, so even 
very short duration deviations from the nominal frequency values would trip load 
shedding relays and generation capacity would be lost. The lost of generation leads to 
further frequency deviation and a black-out may occur. 

Fig. 3 shows a typical grid code-limiting curve for frequency controlled regulation of the 
active power. High-frequency response can be provided from full output to a reduced 
output when the frequency exceeds 50 Hz and the new grid codes require that when the 
frequency increases above the rated value generating plants should decrease their output at 
a given rate. On the other hand, at nominal frequency, the wind farms would be required 
to limit their power output below the maximum achievable power level. By doing so, if the 
frequency starts to drop, the wind farm would increase the power output to the maximum 
achievable power, trying to sustain the frequency. 

The provision of frequency response will be purchased based on the prices placed in the 
market. High-frequency response from wind powered generation is a service already of 
interest, especially at minimum demand conditions and it could become an additional 
source of income for wind farm owners. Low-frequency response capability would 
be interesting if the pay for such response would compensate the loss of generated power. 


A 


100% 


EG EN 


Delivered Active Power 
(% of Available Power) 


> 


47 48 49 50 51 52 
Frequency (Hz) 


Fig. 3. Typical frequency controlled regulation of active power. 
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A wind farm should be capable of providing frequency response, and it would only be 
utilized if the system operator needs it. The active power levels of the wind farm are 
determined by the system operator according to the load in the system. 

In order to cope with different scenarios in the grid, additional power control strategies 
may be necessary. Depending on the local grid code and the state of the grid, at least five 
additional types of power regulation may occur: Absolute Power Constraint, Delta 
Production Constraint, Balance Regulation, Power Gradient Constraint and System 
Protection. 


è Absolute power constraint: In this type of power control (Fig. 4), the power output of the 
wind farm will never exceed a preset maximum, even if more power can be extracted 
from the wind. Below that maximum power, the wind farm power can be controlled to 
extract maximum power. The main reason for this requirement is that the grid operators 
have been obliged to pay for the produced wind power, even if there is no demand for it. 
When demand is low and wind power high, the operator must dump the excess wind 
power to neighbour grids for free, losing money in the transaction. 

è Delta production constraint: The power production is limited below the available power 

by a fixed amount (MWeelta) as seen in Fig. 5. 
This type of power control allows the wind farm to take part in the frequency control. If 
there is a drop in the frequency, the wind farm is able to increase the power and help 
maintain the frequency. This may also help to reduce power fluctuations due to high 
variations in wind speed thus reducing the need for spinning reserve. For example, 
Koch et al. [38] describes how using a 3% of nominal power in reserve, the need for 
reserve capacity according to UCTE requirements can be reduced from 100% without 
power regulation to only a 11% reserve. 

e Balance Regulation: In this case, the wind farm must be able to reduce/increase very 
rapidly its power, partly as a desired + MW and partly as a desired power gradient 
MW/min (Fig. 6). This is helpful in order to be able to balance the production and 
consumption of active power in the grid. 


Max Set Power 


Power 


— Available Power 


seeeeene Delivered Power 


Time 


Fig. 4. Absolute power constraint. 
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Fig. 5. Delta production constraint. 


è Power gradient constraint: Conventional power plants cannot increase or decrease their 
power output at any speed. Their power increase/decrease gradient is slower than that 
of wind turbines. In order to keep the power balance during a conventional power plant 
shut-down, when the wind power fed to the grid increases to compensate for the loss of 
generation, a maximum wind power gradient is specified (Fig. 7). 

è System protection: When there is overload in the grid, for instance at forced outage of a 
line, the grid operator will ask the wind farm to rapidly reduce its power output (in the 
Danish regulation a reduction from 100% to 0% power output in 30s must be possible), 
and the power reduction will continue while the external protection signal is active. If 
the protection signal disappears, the power will be kept at the value in the instant the 
protection signal is disabled (Fig. 8). 


3.3. Fault ride-through capability 


When a short circuit fault takes place in some location in the grid, the voltage on the 
faulted phases will be zero. Due to the low impedance of transmission circuits a large 
voltage depression would be experienced across large areas on the transmission system 
until the fault is cleared by the opening of circuit-breakers. Extensive studies have been run 
to demonstrate this effect in England, Wales and Scotland [8]. The studies show how faults 
in the grid may propagate over very wide areas, affecting a great number of wind farms. 

Some wind turbine technologies are known to be susceptible to tripping even if the 
voltage transiently falls to levels as high as 70%. Such plants would be affected, 
jeopardizing the grid stability. During voltage dips, induction generators tend to 
significantly increase their reactive power demand to the extent that the system voltage 
may be further depressed. This causes slower recovery of the voltage once the fault has 
been removed. 

If all the wind generation in a great extension is disconnected, there is a mismatch 
between generated and consumed power, and the frequency will drop. If there is not 
enough reserve, defined by the spinning reserve of the system, a black-out may occur. If 
wind farms are not able to ride-through voltage dips, the Transmission System needs a 
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Fig. 6. Balance regulation. 
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Fig. 7. Power gradient constraint. 


higher spinning reserve. The spinning reserve requires that some generating operating 
plants operate below their optimal point, with higher losses and an increase in cost. 

It is, therefore, an essential requirement that wind farms are able to remain connected 
to the system during a transmission system fault, where the voltage on all three phases could 
fall to prevent generation losses. Wind farms must also re-establish their pre-fault active 
and reactive power output if the wind speed remains unchanged, rapidly after clearance of 
the fault. 

All wind turbine technologies, irrespective of type, employed in high-power wind farms, 
are required by the new grid codes to have a fault ride-through capability for faults on the 
transmission system. Usually a symmetrical 3 phase fault on the Transmission System is 
specified, though the proposal of the Spanish grid operator [21] and the Danish Grid Code 
[11] specify fault ride through for asymmetrical one and two phase faults as well. The 
Spanish and Irish grids are more vulnerable than other European countries, because as 
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Fig. 8. System protection. 


they have relatively high wind penetration, and relatively weak interconnection to 
neighbours, so grid faults are felt in very wide areas. 

Akhmatov [5] has shown that when most of the wind power of a system is provided by 
small, isolated wind turbines with asynchronous generators, it is actually more convenient 
to disconnect the wind turbines during voltage dips, because the reactive power demand 
decreases, rising the voltage of the grid. 

In Fig. 9 the typical requirement for fault ride-through is shown before grid code 
modifications and after. Wind farms must remain connected if the voltage drop, defined by 
the retained voltage r.m.s. value and the duration of the fault is above de curve. 

The Danish Grid Code is the first official document including a simulation process to 
validate the wind turbines for voltage dips [11]. 


3.4. Wind power and spinning reserve 


One of the most important and limiting factors in wind power integration in the grid is 
the spinning reserve needed due to the unpredictability of wind and the possible sudden 
loss of wind generation. Usually, a good prediction of the wind can be achieved 14h in 
advance, but better prediction methods are still needed. 

In Fig. 10 a-c, the effect of very high winds in Denmark on the 8th January of 2005 is 
shown (source: ELTRA Danish grid operator www.eltra.dk). At 11:45 most of the wind 
farms are operating and extracting great amounts of power. For this hour, the planned 
power output was 1843MW and the real output was 1847 MW. At 16:30 the planned 
power output was 1782 MW. Instead of this, the wind went so high that most of the wind 
farms where shut down and the real power output was 126MW. In order to avoid a 
collapse in the grid, a spinning reserve of 1656 MW (1782 — 126 = 1656 MW) or very 
strong connections with neighbour countries where necessary. 

As wind energy fluctuations cannot be accurately predicted, a higher operating 
reserve must be scheduled compared to a system without wind farms. This increases the 
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Fig. 9. Fault-through requirements. 


cost of integrating wind energy into the system (i.e. more fuel consumption and 
maintenance). 


4. Wind turbine technology 


Whether wind farms will comply with the new grid codes depends on the technology of 
the wind turbines. There are three main types of wind turbines used nowadays: the fixed 
speed wind turbine with Squirrel Cage Induction Generator, the variable speed wind 
turbine with Doubly Fed Induction Generator and the variable speed wind turbine with 
Synchronous Generator. 

The fixed speed Squirrel Cage Induction Generator consumes reactive power and cannot 
contribute to voltage control. For this reason, although static capacitor control may allow 
wind farms with this type of generators to provide reactive power, this type of generators 
are doomed to disappear from wind turbines. 

The variable speed wind turbine with Doubly Fed Induction Generator can be controlled to 
provide frequency and voltage control with a back-to-back converter in the rotor. Control 
software upgrade and hardware modifications are necessary, more precisely, the converter 
ratings may have to be increased for frequency response [39]. This type of generator 
presents some difficulties to ride-through voltage dips, because voltage dip generate high 
voltages and currents in the rotor circuit and the power converter could be damaged. This 
is the most extended variable speed wind turbine technology and manufacturers already 
offer this type of wind turbines with fault ride-through capabilities. 

The variable speed wind turbine with Synchronous Generator is connected through a back- 
to-back converter to the grid. This provides maximum flexibility, enabling full real and 
reactive power control and fault ride-through capability during voltage dips. Again, only 
control software upgrade and minor hardware modifications are necessary to contribute to 
the system stability. 

Other factors such as site specific load matching (when the yearly wind profile matches 
the load) and a high number of wind turbines in the wind farm help smooth the operation 
of the grid. 
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Fig. 10. (a) Available power plant production before and during hurricane (source: www.eltra.dk). (b) Active 


power production during hurricane (source: www.eltra.dk). (c) Wind speed during hurricane (source: 
www.eltra.dk). 
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5. Conclusions 


A bibliographic survey of the new grid codes adapted for wind power integration has 
been presented. The paper also summarises the problems that are being addressed by grid 
codes in order to integrate large amounts of wind energy to the electric grid. 

New wind farms must be able to provide voltage and reactive control, frequency control 
and fault ride-through capability in order to maintain the electric system stability. 

In practical terms, in wind farms with variable speed doubly fed induction generators 
and synchronous generators, it is possible to incorporate frequency response into the 
turbine control system and ultimately across the wind farm with minor costs expected to be 
attributable to software upgrades. Wind farms with fixed speed generators will be phased 
out because they cannot offer voltage or frequency control. 
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